Chagas' disease, a consequence of infection with the hemoflagellate parasite Trypanosoma cruzi, is a major cause of acute and chronic myocarditis and cardiomyopathy in areas of endemicity in Latin America (51) . The pathogenesis of the cardiac damage associated with this infection is multifactorial. The clinical manifestations of T. cruzi infection may be the result of focal ischemia (13, 34, 50) , autoimmune responses (18) , and direct parasite invasion of cells of the myocardium, all of which may promote myocardial inflammation (31, 54, 62) . Recent studies have underscored the primary role of inflammation in the pathogenesis of chagasic heart disease. The inflammatory response is composed of lymphocytes (predominately CD8 ϩ ) (46) , monocytes, macrophages, and eosinophils. This inflammatory process has been associated with the expression of cytokines and inducible nitric oxide synthase (3, 16) . In addition, vascular adhesion molecules have been described both for the heart and for sera obtained from infected mice and humans (19, 20, 31, 61) . More recently, Sunnemark et al. (47) described aortic vasculitis in T. cruzi-infected mice which was associated with inflammation and expression of cytokines and the adhesion molecule intercellular adhesion molecule 1 (ICAM-1).
The vascular endothelium is an important target of parasite invasion (48) . T. cruzi infection of cultured endothelial cells results in expression and/or upregulation of important vasoactive molecules such as endothelin 1 (57, 59 ) and proinflammatory cytokines including interleukin-1␤ (IL-1␤) and IL-6 (49, 52, 59 ). Murine T. cruzi infection is also associated with circulating tumor necrosis factor alpha (TNF-␣) (53) and thromboxane A 2 (48) . All of these factors have been implicated in T. cruzi-associated microvascular compromise.
Activation of the nuclear factor B/Rel (NF-B) family of dimeric transcription factor complexes is regarded as an important initial event in the vascular response to a variety of infectious agents (10, 14, 17, 36, 37, 43, 60) , toxins, cytokines, growth factors, and oxidant stress (5, 6) . The inactive form of the best-characterized NF-B heterodimer, consisting of a complex of p50 (NF-B1) and p65 (RelA subunits), is retained in the cytoplasm either by association with IB␣ or by association of the p65 subunit with p105, a precursor of p50. Multiple signal transduction pathways lead to phosphorylation, polyubiquitination, and degradation of IB␣ or p105. Heterodimeric NF-B enters and accumulates in the nucleus and contributes to the transcriptional activation of many genes relevant to endothelial pathophysiology, including those encoding vascular adhesion molecules (27, 28, 29, 38, 56) .
Modulation of the transcriptional activity of NF-B is critical to endothelial cell activation and the associated inflammatory response. Leukocyte accumulation at sites of local injury or endothelial cell infection is dependent on the interaction of circulating leukocytes with vascular adhesion molecules. The selectin family of adhesion molecules, including E-selectin (1, 2) , mediates the rolling and initial tethering of leukocytes to vascular endothelium while firm adhesion and transmigration into subendothelial tissue are mediated by members of the immunoglobulin superfamily (44, 55) , including vascular cell adhesion molecule 1 (VCAM-1) (4, 12, 32, 33) and ICAM-1 (45) . NF-B-like binding elements are present in the promoter regions of the E-selectin, VCAM-1, and ICAM-1 genes and play a pivotal role in the transcriptional regulation of these adhesion molecules (15, 25, 56) . We therefore determined whether the inflammatory response elicited by T. cruzi infection is characterized by NF-B activation and induction or increased expression of E-selectin, VCAM-1, and ICAM-1 in endothelial cells.
In the present study, we demonstrated that infection of cultured human umbilical vein endothelial cells (HUVEC) with T. cruzi is associated with activation of NF-B and induction of endothelial cell adhesion molecule expression. These studies may provide a cellular basis for the inflammatory response to T. cruzi infection that is important in the pathogenesis of chagasic cardiomyopathy.
MATERIALS AND METHODS
Infection and TNF-␣ treatment of endothelial cell cultures. Trypomastigotes of T. cruzi (Tulahuen strain) were harvested from the supernatants of infected myoblasts (35) . HUVEC were isolated, cultured, and infected at a multiplicity of infection of 1.5 to 2.0:1 as previously described (49) . The HUVEC had a characteristic cobblestone appearance and could be stained with antibody to von Willebrand factor (DAKO Corporation, Carpinteria, Calif.). The percent parasitism was determined by examination of fixed culture plates stained with MayGrunwald-Giemsa stain: parasitism was approximately Ͻ1% at 1 to 6 h, 10% at 24 h, 20 to 40% at 48 h, and Ͼ80% at 72 h postinfection. As a positive control for adhesion molecule expression and NF-B activation, human recombinant TNF-␣ (Genzyme Diagnostics, Cambridge, Mass.) was added to uninfected cultured cells at a final concentration of 100 U/ml.
Nuclear isolation and extraction. Extracts of infected and uninfected HUVEC were prepared as described by Read et al. (26) . Briefly, cell monolayers (3 ϫ 10 6 to 5 ϫ 10 6 cells) were harvested by scraping, washed in cold phosphate-buffered saline (PBS), and incubated in 100 l of buffer A (10 mM HEPES [pH 8.0], 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM dithiothreitol, 200 mM sucrose, 0.5 mM phenylmethylsulfonyl fluoride, 1 g of leupeptin per ml, 1 g of aprotinin per ml, and 0.5% NP-40) for 10 min at 4°C. The crude nuclei released by lysis were collected by microcentrifugation, and the nuclear pellet was rinsed once in buffer A and resuspended in 100 l of buffer B (20 mM HEPES [pH 8.0], 20% glycerol, 0.1 M KCl, 0.2 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, 0.5 mM dithiothreitol, and 1 g each of leupeptin and aprotinin per ml). Nuclei were sonicated for 10 s at 15% power output (Virsonic cell disrupter; Virtis, Gardner, N.Y.) and clarified by microcentrifugation for 30 s. The resulting supernatants contained 1 to 2 mg of protein per ml by Bio-Rad assay (Bio-Rad, Richmond, Calif.) with bovine serum albumin as the standard. Nuclear extracts were frozen on dry ice and stored at Ϫ80°C.
Electrophoretic mobility shift (gel shift) assay. Assays were performed with the gel shift assay system (Promega, Valencia, Calif.) according to the manufacturer's protocol, with 5 to 10 g of nuclear protein. Sequences of doublestranded consensus oligonucleotides used in gel shift reactions were as follows: NF-B (Promega), 5Ј-AGT TGA GGG GAC TTT CCC AGG C-3Ј; SP-1 (Promega), 5Ј-ATT CGA TCG GGG CGG GGC GAG C-3Ј. Probe labeling was carried out as specified by the manufacturer with [␥-32 P]ATP (3,000 Ci/mmol; 10 mCi/ml) (Amersham, Arlington Heights, Ill.). Specificity studies were performed with a 50-fold molar excess of unlabeled oligonucleotide added to the reaction mixtures prior to the addition of radiolabeled oligonucleotides. Reaction mixtures were analyzed on 5% nondenatured polyacrylamide gels with 0.5ϫ TBE (89 mM Tris-HCl [pH 8.0], 89 mM boric acid, 2 mM EDTA) as the running buffer. The gels were electrophoresed at 100 V for 3 h, dried (gel dryer), and subjected to autoradiographic exposure for 12 to 48 h.
Electrophoretic mobility supershift assays. Polyclonal antibodies targeted to p50 and p65 (100 g/0.1 ml) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, Calif.). Prior to the addition of radiolabeled oligonucleotide probe, 2 g of antibody per gel shift reaction mixture was added and the mixtures were incubated at room temperature for 20 min. Each reaction mixture was analyzed by gel shift assays as described above.
RNA preparation. HUVEC monolayers were washed briefly with cold PBS and immediately lysed with Trizol reagent. Total RNA was extracted as recommended by the manufacturer's protocol (GIBCO BRL, Grand Island, N.Y.). For protection from RNase activity, the final RNA pellets were solubilized in Formazol (Molecular Research Center, Inc., Cincinnati, Ohio).
Northern blot analysis. A high-efficiency hybridization system was purchased from Molecular Research Center, Inc. Northern blot analysis was performed as specified by the manufacturer. Briefly, equal amounts of total RNA (15 g) were incubated in formaldehyde reaction solution at 55°C for 15 min and loaded onto 1% agarose-formaldehyde gels. After electrophoresis, RNA was transferred to nitrocellulose filters. Filters were prehybridized at 42°C for 6 to 12 h and hybridized at 42°C for 24 to 48 h in high-efficiency hybridization solution with appropriate random-primed labeled denatured cDNA probes for human VCAM-1, E-selectin (W. Newman, Otsuka Pharmaceuticals, Rockville, Md.), and ICAM-1 (Timothy Springer, Center for Blood Research, Harvard University, Boston, Mass.) at 1 ϫ 10 6 to 3 ϫ 10 6 dpm/ml. Hybridization with 18S (rRNA) cDNA was utilized to verify the loading equivalency of each lane. The filters were washed, and autoradiography was performed with X-ray film and an intensifying screen at Ϫ70°C.
Immunocytochemistry. Fourth-or fifth-passage HUVEC were cultured in gelatin-coated 24-well plates for 3 days. Trypomastigotes were washed in PBS (pH 7.2) and resuspended in endothelial cell medium. Approximately 1.25 ϫ 10 6 trypomastigotes were used to infect cells in each well. Supernatants from uninfected myoblasts were used for sham infections. At 24 and 48 h postinfection, the plates were washed gently three times with PBS and then fixed for 8 min in ice-cold methanol and 0.8% H 2 O 2 . After washing in PBS, wells were incubated at room temperature with blocking solution (PBS-4% fetal bovine serum [GIBCO]) for 30 min. Primary antibodies in blocking solution were added to the well and incubated overnight at 4°C. The primary monoclonal antibodies were used at the following dilutions: mouse anti-human VCAM-1 (immunoglobulin G1 [IgG1]) (Becton Dickinson, San Jose, Calif.) (1:500), mouse anti-human E-selectin or CD62E (ELAM-1) (IgG1) (1:500) (Becton Dickinson), human anti-ICAM-1 antibody (1:500) (DAKO Corporation), and anti-human von Willebrand factor (IgG1) (1:100) (DAKO Corporation). In addition, purified IgG1 mouse myeloma protein (Organon Teknika Corp., Durham, N.C.) was used as an isotype-matched negative control. Treatment of HUVEC with recombinant human TNF-␣ (100 U/well) (Genzyme Diagnostics) was used as a positive control for the induction or increased expression of adhesion molecules. After incubation with primary antibody, the wells were washed twice with PBS and incubated with biotinylated anti-mouse IgG (heavy plus light chains), avidin-biotin-coupled peroxidase (Vectastain ABC kit; Vector Laboratories, Inc., Burlingame, Calif.), and diaminobenzidine (peroxidase substrate kit; Vector Laboratories).
Statistical analysis. The results of Northern blot analyses of adhesion molecule expression by HUVEC were quantified by densitometry and normalized to the corresponding 18S rRNA signal and expressed as a ratio. Data from three separate experiments were then analyzed by Student's t test and were plotted as the means Ϯ standard errors of the means.
RESULTS
T. cruzi infection of HUVEC upregulates or induces ICAM-1, VCAM-1, and E-selectin mRNA expression. Northern blot analyses of adhesion molecule expression of HUVEC that were uninfected, TNF-␣ treated (24 h) (uninfected), and infected for 24 h are shown in Fig. 1 . ICAM-1 was constitutively expressed in untreated HUVEC and was upregulated in infected and TNF-␣-treated cultures (Fig. 1, top panel) . VCAM-1 mRNA expression was undetectable in uninfected cells and was also significantly induced after infection with T. cruzi or TNF-␣ treatment (Fig. 1, middle panel) . There was a significant increase in E-selectin mRNA expression in both T. cruziinfected and TNF-␣-treated HUVEC, while uninfected cells expressed a low basal level of E-selectin message (Fig. 1, bottom panel) . These data indicate that T. cruzi infection of HUVEC for 24 h upregulates or induces ICAM-1, VCAM-1, and E-selectin mRNA expression.
Time course of ICAM-1, VCAM-1, and E-selectin mRNA expression by T. cruzi-infected HUVEC. Northern blot analyses of adhesion molecule expression by HUVEC that were uninfected or infected for 6, 24, 48, and 72 h were performed. Data from three separate blots were quantified by densitometry, normalized to the 18S rRNA signal, and expressed as a ratio as shown in Fig. 2 . Student t test analysis indicated that the three adhesion molecules were significantly induced or upregulated from 6 to 72 h postinfection (Fig. 2) . ICAM-1, constitutively expressed in uninfected cells, was upregulated from 6 to 72 h after infection (Fig. 2A) . VCAM-1 was induced after 6 h, and message levels increased up to 72 h postinfection (Fig. 2B) , the last time point analyzed. E-selectin expression was increased 6 h postinfection and remained upregulated until 72 h (Fig.  2C) . These data suggest that infection of HUVEC by T. cruzi causes persistently elevated expression of adhesion molecules.
T. cruzi infection activates NF-B in HUVEC. NF-B was assayed in nuclear extracts of infected HUVEC by electrophoretic mobility shift assays with a 32 P-labeled, doublestranded consensus NF-B oligonucleotide corresponding to the B binding domain of the murine light chain gene enhancer (39) . After 6 h of infection, two major gel-shifted protein-DNA complexes were evident, a faster-migrating lower complex (S2) and an upper complex (S1). Both of these bands were negligible in uninfected HUVEC. A time course study revealed that these complexes were also evident in nuclear protein extracts from HUVEC 24 and 48 h postinfection (Fig. 3) .
To confirm the specificity of nuclear protein binding to the NF-B oligonucleotide, competition assays were performed (Fig. 4) . Nuclear protein extracts from HUVEC at 6 h postinfection formed two major protein-DNA complexes (Fig. 4 , lane 2) which were absent in uninfected cells (lane 1). Complex formation was specifically inhibited by incubation with a 50-fold molar excess of unlabeled NF-B probe (Fig. 4, lane 3) but not by treatment with an unrelated oligonucleotide containing the SP-1 binding consensus sequence (lane 4). These data indicate that T. cruzi infection of HUVEC induces nuclear translocation of active NF-B. To identify the subunit composition of NF-B in the protein-DNA complexes induced after T. cruzi infection, supershift analyses were performed with polyclonal antibodies specific for p65 and p50. Changes in electrophoretic mobility resulting in supershifted complexes were detected with the addition of anti-p65 and anti-p50 to the reaction mixtures prior to the addition of the labeled NF-B oligonucleotide. Anti-p65 induced a supershift of the upper protein-DNA complexes (Fig. 4, lane 5) , while anti-p50 was specific for the lower protein-DNA complexes (lane 6). Nonimmunized rabbit serum did not cause any supershifted complexes (Fig. 4, lane 7) . These data suggested that the upper complexes contain p65 and that the lower complexes contain p50. TNF-␣-treated (5 min) HUVEC nuclear protein extract was used as a positive control and produced similarly shifted (Fig. 4, lane 8) and supershifted (lane 9, anti-p65, and lane 10, anti-p50) complexes. selectin, VCAM-1, and ICAM-1, monoclonal antibodies specific for each adhesion molecule were used in an immunocytochemical analysis of infected HUVEC. Consistent with the results of Northern blot analysis, E-selectin protein was significantly upregulated in both T. cruzi-infected (Fig. 5B) and TNF-␣-treated (4 h) HUVEC (data not shown). Untreated HUVEC were minimally reactive with the E-selectin antibody (Fig. 5A) . Constitutive levels of ICAM-1 protein expression (Fig. 5C ) were also upregulated with T. cruzi infection (Fig. 5D) . Similarly, VCAM-1 was induced by T. cruzi infection (Fig. 5F ), whereas normal reactivity was detectable on uninfected HUVEC (Fig. 5E ). Untreated and infected HUVEC exhibited no reactivity with the isotype-matched negative-control IgG1 mouse myeloma protein (data not shown).
T. cruzi infection induces or upregulates E-selectin, VCAM-

DISCUSSION
We demonstrated that T. cruzi infection of endothelial cells is associated with activation of NF-B and expression of the endothelial cell adhesion molecules E-selectin, VCAM-1, and ICAM-1. These findings suggest a possible mechanism for the recruitment of circulating leukocytes, a critical factor in the initiation of an inflammatory response, as a result of T. cruzi infection (50) . The generation of an acute inflammatory response is important in the initial control of acute infection but may be detrimental if it persists for prolonged periods and may contribute to myocardial damage.
The vascular endothelium is an early target of T. cruzi invasion (48) . We have demonstrated that infection of HUVEC results in alterations in host cell metabolism and signal transduction (23, 24, 48) . In the murine model, infection causes vascular injury and altered function (13, 16, 49, 50, 52) . Infection and ensuing injury to the vascular endothelium, as well as the ischemia-reperfusion damage to the heart, are important factors in the pathogenesis of chagasic heart disease. Amastigotes are not commonly found in endothelial cells in vivo on routine histopathology. This is most likely due to issues of timing and sampling.
In understanding the pathogenesis of Chagas' disease, it is important to note that the infection is persistent throughout the lifetimes of patients and results in compromised microvasculature including vasospasm and decreased blood flow. During the chronic phase, antiparasitic therapy usually fails to attenuate the progression of the disease. Therefore, on the basis of observations made from experimental infections and human disease, we and others hypothesized that after the initial acute insult to the endothelium, endothelial cells undergo damage and regeneration. In other settings such as balloon angioplasty-induced endothelial removal (41) and Kawasaki disease (7), regenerated endothelial cells no longer function normally, resulting in endothelial dysfunction and cardiac pathology. Similarly, we believe that the upregulation of the inflammatory process and the subsequent ischemia after T. cruzi infection contribute to the development of chronic chagasic cardiomyopathy.
The mechanism of T. cruzi-associated expression of vascular adhesion molecules remains to be defined. We demonstrated previously that T. cruzi infection of HUVEC results in the expression of IL-1␤ and IL-6 (49). These cytokines are known to induce expression of vascular adhesion molecules. However, the primary event necessary for expression of vascular adhesion molecules requires the activation of NF-B, which also plays a critical role in cytokine gene transcription and translation. Lockyer et al. (21) demonstrated that inhibition of NF-B after transfection of a mutated IB gene into human endothe- FIG. 3 . T. cruzi infection activates NF-B in HUVEC. NF-B was assayed in nuclear extracts of HUVEC by electrophoretic mobility shift assays with a 32 Plabeled, double-stranded consensus NF-B oligonucleotide. Lanes 1, 3, and 5 represent nuclear extracts obtained from uninfected HUVEC after 6, 24, and 48 h in culture, respectively. Lanes 2, 4, and 6 represent nuclear extracts obtained from HUVEC infected for 6, 24, and 48 h, respectively. Two shifted complexes appeared in the nuclear protein-DNA interaction from infected HUVEC (S1, shifted complex 1; S2, shifted complex 2). Both shifted complexes were undetectable in uninfected HUVEC. The arrow at the bottom indicates free NF-B probe.
FIG. 4. Identification of the shifted complexes as a result of T. cruzi infection.
To confirm the specificity of nuclear protein binding to the NF-B oligonucleotide, competition assays were performed. Nuclear extracts from HUVEC at 6 h postinfection formed two major protein-DNA complexes (S1 and S2) (lane 2) which were absent in uninfected HUVEC (lane 1). Complex formation was specifically inhibited by incubation with a 50-fold molar excess of unlabeled NF-B probe (lane 3) but not by a 50-fold molar excess treatment with an unrelated oligonucleotide containing the SP-1 binding consensus sequence (lane 4), indicating that these nuclear proteins specifically bound to the NF-B consensus sequence. To identify the subunit composition of NF-B in the protein-DNA complexes induced after infection, supershift (SS) analyses were performed with polyclonal antibodies specific for p65 and p50. Anti-p65 caused a supershift of S1 (lane 5), while anti-p50 induced a supershift of S2 (lane 6). (43) and induce the expression of adhesion molecules (9, 40) . This organism shares many of the characteristics of T. cruzi, since they both invade and reside in endothelial cell cytoplasm. Currently, we are exploring alterations in intracellular signaling cascades during T. cruzi infection. The data presented in this report demonstrate that NF-B is continuously activated from 6 to 48 h postinfection, indicating that parasitism can activate this pathway for extended periods. In addition, we also found that T. cruzi infection of endothelial cells (24) and vascular smooth muscle cells (23) activates phospholipase C, part of the signaling pathways involved in NF-B activation (58) . Infection with this parasite may also activate other kinases in host cells and cause the subsequent phosphorylation of the IB subunit. Furthermore, T. cruzi is rich in secretory proteases (11) which may degrade the IB subunit, thereby directly activating the NF-B pathway. Currently, these cellular events are under investigation in our laboratory.
